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Structure of the Mammalian Mitochondrial Ribosome
Reveals an Expanded Functional Role
for Its Component Proteins
tween a eubacterium and its host cell (e.g., Gray et al.,
2001), and the closest free-living relatives of mitochon-
dria are members of the rickettsial subdivision of the
-proteobacteria. Therefore, it has generally been ex-
pected that the mitoribosome will display greater struc-
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tural and functional similarities to a bacterial ribosomeNew York State Department of Health
than to a eukaryotic cytoplasmic ribosome.Empire State Plaza
Like all ribosomes, the bovine 55S mitoribosome (mo-Albany, New York 12201
lecular mass 2.71 MDa) consists of two multicomponent2 Department of Chemistry
and unequally sized subunits: small (28S) and large (39S)Campus Box 3290
(O’Brien, 1971). However, the RNA and protein composi-University of North Carolina
tion of the mitoribosome differs significantly from thatChapel Hill, North Carolina 27599
of bacterial ribosomes (also see O’Brien, 2002). The 28S3 Department of Biomedical Sciences
small subunit (SSU) contains a 12S rRNA (950 nucleo-State University of New York at Albany
tides) and 29 proteins (Koc et al., 2000; O’Brien et al.,Albany, New York 12222
2000; Suzuki et al., 2001a), in contrast to its widely stud-
ied bacterial 30S counterpart, which is composed of a
16S rRNA (1542 nucleotides) and 21 proteins (numberedSummary
S1–S21) (Wittmann-Liebold, 1985). The 39S large sub-
unit (LSU) of the mitoribosome contains a 16S rRNAThe mitochondrial ribosome is responsible for the bio-
(1560 nucleotides) and 48 proteins (Koc et al., 2001b;synthesis of protein components crucial to the gen-
O’Brien et al., 2000; Suzuki et al., 2001b), while its bacte-eration of ATP in the eukaryotic cell. Because the
rial 50S counterpart is composed of two rRNA moleculesprotein:RNA ratio in the mitochondrial ribosome
(5S, 120 nucleotides; 23S, 2904 nucleotides) and 33 pro-(69:31) is the inverse of that of its prokaryotic coun-
teins (numbered L1–L36) (Wittmann-Liebold, 1985).terpart (33:67), it was thought that the additional
Thus, the protein-to-RNA ratio is completely reversedand/or larger proteins of the mitochondrial ribosome
in the mitoribosome (69% protein and 31% RNA) relativemust compensate for the shortened rRNAs. Here, we
to bacterial ribosomes (33% protein and 67% RNA).present a three-dimensional cryo-electron micro-
The mitoribosomal rRNAs are significantly shortenedscopic map of the mammalian mitochondrial 55S ribo-
through the loss of specific secondary structural ele-some carrying a tRNA at its P site, and we find that
ments. Among the 77 component proteins of the mitori-instead, many of the proteins occupy new positions
bosome, almost half are mitoribosome-specific pro-in the ribosome. Furthermore, unlike cytoplasmic ribo-
teins, while the rest are homologs of bacterial proteins.somes, the mitochondrial ribosome possesses inter-
The homolog proteins in the mitoribosome are usuallysubunit bridges composed largely of proteins; it has
significantly larger than the corresponding bacterial pro-a gatelike structure at its mRNA entrance, perhaps
teins (O’Brien, 2002). Recent studies have indicated thatinvolved in recruiting unique mitochondrial mRNAs;
homolog proteins found near the binding sites of trun-and it has a polypeptide exit tunnel that allows access
cated rRNA regions are significantly larger than theto the solvent before the exit site, suggesting a unique
corresponding proteins in the bacterial ribosome; thisnascent-polypeptide exit mechanism.
pattern suggests the mitoribosome’s structural and
functional compensation of such truncated rRNA seg-
Introduction
ments through increases in the size of these homolog
proteins (Suzuki et al., 2001a, 2001b). Despite its greater
The mammalian mitochondrial ribosome (mitoribosome) molecular mass (2.71 MDa), the mitoribosome has a
is responsible for the synthesis of 13 proteins of the lower sedimentation coefficient (55S) than the bacterial
inner mitochondrial membrane. These proteins are com- 70S ribosome (2.3 MDa). This, taken with other physio-
ponents of the oligomeric complexes essential for oxi- chemical findings (Patel et al., 2001), suggests that the
dative phosphorylation (Attardi, 1985; Chomyn et al., mitoribosome has a larger physical size but a more po-
1986). Thus, mitoribosomes synthesize crucial cellular rous structure than its bacterial counterpart.
components needed to generate about 90% of the ATP Here, we present a 13.5 A˚ resolution (9.1 A˚ by the 3
required by a eukaryotic cell. Although the role of mito- criterion; Orlova et al.,1997) cryo-EM structure of the
chondria in apoptosis is well documented (Brenner and bovine 55S mitoribosome carrying a mitochondrial tRNA
Kroener, 2000), recent identification of the two death- (mt tRNA) bound at its P site. The map reveals several
associated proteins DAP3 and PDCD9 as mitochondrial distinctive features that have not been seen in the cryo-
ribosomal proteins (Koc et al., 2001a) indicates that mi- EM maps of cytoplasmic ribosomes from prokaryotic
toribosomes play a direct role in apoptosis. According (Gabashvili et al., 2000) or eukaryotic (Dube et al., 1998;
to several genomic analyses, mitochondria are believed Spahn et al., 2001) organisms. Molecular analysis of
to have arisen from an early endosymbiotic event be- the cryo-EM map, by computational separation of the
ribosomal RNA and protein components (Spahn et al.,
2000) and by comparison to the X-ray structures of the*Correspondence: agrawal@wadsworth.org
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Figure 1. Stereo Representation of the Cryo-
EM Structure of the Bovine 55S Mitoribosome
(A) A side-by-side view showing the shoulder
(sh) side of the 28S small subunit (SSU, yel-
low) and the L7/12 protein-stalk (St) side of
the 39S large subunit (LSU, blue). A density
(red) corresponding to the P site bound mt
tRNA bridges the intersubunit space.
(B) Another side-by-side view, in which the
mitoribosome has been rotated by 180
around a virtually vertical axis, shows the
platform (pt) side of the SSU and L1-protein
(L1) side of the LSU. The two subunits (SSU
and LSU) and the mt tRNA were computation-
ally differentiated. Landmarks of the SSU: hd,
head; bl, beak lobe; mgt, mRNA-entry gate;
lbl, lower-body lobe. The arrow in (A) points
to the mRNA entrance. Landmarks of the
LSU: CP, central protuberance; Sb, stalk
base; SRL, -sarcin-ricin loop; PSF, P site
finger; LH, LSU handle; G, a gap originating
principally through the absence of domain I
in LSU rRNA (see Figures 5A and 5E).
mitoribosome’s closest relatives, the bacterial ribo- tein components within both subunits of the mitoribo-
some (Figure 2) based on differential scattering proper-somes (Ban et al., 2000; Harms et al., 2001; Wimberly
et al., 2000; Yusupov et al., 2001), provides new insights ties of the two ribonucleoprotein components, as
estimated from density histogram information and byinto the structural and functional evolution of the mitori-
bosome. using a technique of “region growing” (Spahn et al.,
2000). The map reveals that the major portion of the
rRNA component of the mitoribosome is heavilyResults and Discussion
shielded by peripheral protein masses (also see Supple-
mental Movie S1). This situation is strikingly differentStructure of the 55S Mitoribosome
from that in the bacterial ribosome (Ban et al., 2000); inThe cryo-EM map of the bovine 55S mitoribosome (Fig-
the latter, proteins decorate the periphery only in dis-ure 1) reveals a porous structure with a few large masses
crete patches. Regions of the mitoribosome map classi-protruding from the main, relatively compact and globu-
fied as rRNA show signatures of major grooves and,lar core. The diameter of the mitoribosome is 320 A˚
in some places, minor grooves, characteristic of the(in the direction of the longest axis), about 60 A˚ larger
double-stranded segments of the rRNAs (see, for exam-than the bacterial 70S ribosome (also see Supplemental
ple, helix 44, Figure 2C). The regions classified as rRNAFigure S1A online at http:///www.cell.com/cgi/content/
correspond well with the rRNA domains known to befull/115/1/97/DC1). While characteristic structural fea-
conserved between the mitoribosome and bacterial ri-tures for both ribosomal subunits (for example, body,
bosomes based on the X-ray structures of the bacterialhead, and platform of the SSU and the L1- and L7/L12-
ribosomes (Ban et al., 2000; Harms et al., 2001; Wimberlystalks and central protuberance [CP] of the LSU) are
et al., 2000), except for a small region (marked with animmediately recognized in the cryo-EM map, the overall
asterisk in Figure 2C) that lies close to the decoding sitestructural organization in both subunits is markedly di-
in the SSU. This region may correspond to a boundvergent from that of other ribosomes. The two subunits
segment of mitochondrial mRNA.of the mitoribosome enclose an intersubunit space that
has an overall similarity to its cytoplasmic counterparts.
However, the factor binding region of this intersubunit Intersubunit Bridges
We have analyzed the contact points between the twospace, along the margin of the two subunits, is distinctly
different from and has a relatively more open configura- mitoribosomal subunits using the map in which the rRNA
and protein components have been separated. The twotion than that in cytoplasmic ribosomes (Stark et al.,
1997; Agrawal et al., 1998; Gomez-Lorenzo et al., 2000; subunits are held together by 15 intersubunit bridges
(Figures 2C and 2D), of which six (B2a–B2c, B3, B5, andValle et al., 2002). Furthermore, a finger-like structure
(described later) extends from the CP of the LSU into B7a) are conserved and have chemical compositions
similar to their counterparts in bacterial ribosomes (Yu-the intersubunit space.
We have computationally separated the RNA and pro- supov et al., 2001). The other nine bridges all involve
Structure of the Mammalian Mitochondrial Ribosome
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Figure 2. Separation of rRNA and Protein
Components of the Mitoribosome and Loca-
tions of the Intersubunit Bridges
(A and B) The 55S ribosome map in which
the RNA (orange in the SSU and purple in the
LSU) and protein (yellow in the SSU and blue
in the LSU) moieties have been separated is
shown in views similar to those in Figure 1.
The SSU (C) and LSU (D) are shown from their
interface sides to reveal intersubunit bridges.
The asterisk in (C) points to a density near
the decoding site of the SSU that is classified
as an rRNA segment but is not filled by any
rRNA segment in the X-ray structure of the
bacterial SSU. Locations of the 15 intersub-
unit bridges have been marked on both sub-
units as ellipses: green for conserved bridges
and dark blue for mitoribosome-specific brid-
ges. Each bridge is identified by a number-
letter combination. Landmarks: hc, head
channel; bc, body channel; h44, rRNA helix
44 (see Figure 3A for rRNA helix identifica-
tions); lbf, lower-body finger. All other land-
marks are as in Figure 1.
protein and differ from the bacterial bridges in either vent (Figures 2C and 3B). Of the head, body, and plat-
form regions of the SSU, the platform is the mostspatial position or chemical composition. Among the
nine mitoribosome-specific bridges, four (B1a–B1d) cor- strongly conserved structural component (Figure 3B).
Significant amounts of additional protein mass are pres-respond to the bacterial B1 bridge group (here, group
denotes the general location of bridges, following the ent in the head and in the lower-body region of the
mitoribosomal SSU.nomenclature used for the bacterial ribosome [Gabash-
vili et al., 2000; Yusupov et al., 2001]). Accordingly, the Comparison of the secondary structure diagrams of
the mitoribosome 12S rRNA and of the bacterial 16Sother four bridges are denoted as B2d, B2e, B7b, and
B7c. The ninth bridge, B9, which connects the lower- rRNA (Cannone et al., 2002; Figure 3A) shows that the
16S rRNA helices 6, 8–10, 12, 13, 16, 17, 21, 26, 33, 37,most regions of the LSU and SSU, occupies a position
that has no bacterial counterpart. In summary, the mito- and 39–41, as well as the rRNA segment bearing the
anti-Shine-Dalgarno sequence, are absent in the mitori-ribosomal subunits are held together by five RNA-RNA
bridges, two RNA-protein bridges, seven protein-pro- bosomal rRNA. In addition, several other rRNA helices
are shorter. These characteristics of the rRNA second-tein bridges, and one bridge that involves both RNA and
protein components from both subunits (Figures 2C and ary structure are reflected in the higher-order structural
features seen in our cryo-EM map. This allows us to dock2D). Thus, in contrast to cytoplasmic ribosomes in which
the majority of bridges are RNA-RNA (Spahn et al., 2001; accurately the conserved rRNA portions and proteins of
the bacterial SSU’s crystallographic structure (WimberlyYusupov et al., 2001), the mitoribosome is dominated
by protein-protein bridges. The decrease in the number et al., 2000) into the cryo-EM map of the mitoribosome
SSU (Figures 3B and 3C). The crystallographic structureof RNA-RNA bridges reflects the truncation of several
rRNA helices in the mitoribosome (see below). These fits almost as a rigid body, requiring only small adjust-
ments in the relative positions of the main body, head,observations indicate that during the evolution of the
mitoribosome, proteins took over some of the functions and platform regions.
The mitoribosomal SSU lacks the beaklike feature ofof rRNAs, including much of their participation in the
intersubunit communication. the head (however, see below), and its shoulder is nar-
rowed. This morphology is consistent with the absence
of helices 33 and 33a, and helices 16 and 17, respec-Structure of the Mitoribosomal Small Subunit
The 28S SSU of the mitoribosome is much more elon- tively, in the mitoribosome (Figure 3D): it indicates that
these and many other RNA segments are not replacedgated (by 70 A˚) than its bacterial 30S counterpart, but
it is significantly narrower (by 15 A˚) in its midbody by any protein mass. Due to the absence of helices
16 and 17, the factor binding region between the tworegion. The head of the mitoribosomal SSU is enlarged
and displays a peculiar, obliquely oriented channel that mitoribosomal subunits is more open. The absence of
helices 12 and 21 creates a channel almost in the centerconnects the interface side of the subunit with the sol-
Cell
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Figure 3. Structural Analysis of the SSU of
the Mitoribosome
(A) Secondary structure diagram of the bo-
vine mitochondrial 12S rRNA (orange), super-
imposed on that of the bacterial 16S rRNA.
RNA regions absent in the mitoribosome thus
appear black. RNA helices are identified by
the adjacent numbers.
(B) Stereo representation of the fitting of the
conserved domains (ribbons) from the crys-
tallographic structure of the Thermus ther-
mophilus 30S SSU (Wimberly et al., 2000;
PDB ID 1FJF) into the cryo-EM map of the
mitoribosome SSU, shown from its interface
side. The conserved structural components
(orange, rRNA; green, homologous proteins)
are shown as translucent surfaces, while the
mitoribosome-specific proteins are shown as
solid yellow surfaces.
(C) Stereo representation of the fitting, shown
from an oblique, solvent-side view. The arrow
points to the mRNA-entry site.
(D and E) Superposition of the nonconserved
domains from the crystallographic structure
of the bacterial SSU (black ribbons, rRNA;
gray ribbons, proteins) onto the mitoriboso-
mal SSU map (solid surfaces) shown in views
similar to those in (B) and (C). Small patches
colored in magenta and blue correspond, re-
spectively, to protein masses that compen-
sate for missing segments of bacterial rRNA
and proteins, (also see Supplemental Figure
S1B). Thus, the yellow regions in (D) and (E)
represent the protein masses that do not
compensate for any missing bacterial ribo-
somal components. Landmarks: Numbers
prefixed “S” represent the SSU proteins;
numbers prefixed “h” identify the rRNA heli-
ces. All other landmarks are as in Figures 1
and 2.
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Figure 4. Stereo Representation of the Detailed Topography of the mRNA Entry Site
The site is composed principally of proteins and is partially covered by a triangular gatelike structure (mgt), which is composed of mitoribosome-
specific proteins (yellow). The conserved SSU proteins (green) S2 and S5 and mitoribosome-specific protein masses (blue) that replace
bacterial protein S3 and segments of protein S4 are identified with the suffix r. The panel on the left shows the orientation (similar to that in
Figures 3C and 3E) of the 28S SSU; the boxed area has been enlarged for the stereo depiction.
of the main body, while the absence of helices 39 and a major portion of protein S8 (the status of S3 and S4
is described below) remain unfilled in the mitoribosome.41 results in a channel in the head region (Figures 3B
and 3D). Helix 6, which forms the spur of the bacterial A large globular protein structure emerges from the sol-
vent side of the head and extends toward the regionSSU (Wimberly et al., 2000), is absent in the mitoribo-
some; however, a finger-like protein protrusion (lower- that would, in the bacterial ribosome, be occupied by
the tip of the beaklike structure formed by helix 33abody finger, or lbf in Figures 1–3) is situated in the same
general area, perhaps compensating for the spur’s ab- (Figure 3D). We designate this structure the beak lobe
(bl in Figures 1A, 2A, 2C, and 3).sence. One of the longest helices of the bacterial SSU
rRNA that is absent in the mitoribosome is helix 21. This
helix is partially replaced in the mitoribosome by protein The mRNA Entrance Site
One of the most striking structural features of the mitori-(Figure 3E). In addition, an elongate protein mass, which
spans the platform and the main body on the solvent bosome SSU is a triangular gatelike structure (termed
the mRNA gate or mgt in Figures 1, 2A, 2B, and 3C) thatside and which parallels the position of the missing helix
21, is present in the mitoribosome. Helix 10, which is partially covers the mRNA entry site (see Frank et al.,
1995). This large structure (Figure 4) is apparentlypresent in the lower-body region of the bacterial SSU
but missing in the mitoribosomal SSU, is fully compen- formed by an extension of protein S2 (which is larger in
the mitoribosome) and by a protein situated on the sol-sated by proteins in the latter. Altogether, only 19%
of the missing bacterial SSU rRNA segments are re- vent side of the SSU head (also see Supplemental Movie
S1). In the bacterial ribosome, the entrance of the mRNAplaced, in small patches, by proteins in the mitoriboso-
mal SSU (Figures 3D and 3E, also see Supplemental channel is surrounded by ribosomal proteins S3, S4,
and S5 (Yusupova et al., 2001). Two of these, proteinsFigure S1B). The lower-body portion of the SSU is com-
posed of a complex mass of proteins, which we term S3 and S4, are absent in the mitoribosome. While the
position of protein S3 is almost completely filled by mi-the lower-body lobe (lbl in Figures 1–3).
Fourteen of the mitoribosome proteins, S2, S5–S7, toribosome-specific proteins, the position of S4 is only
partially filled (Figures 3D and 3E), mainly in the seg-S9–S12, S14–S18, and S21, are known to have signifi-
cant sequence homology with their bacterial counter- ments of S4 that encircle the mRNA entrance (Figure 4).
Despite the absence of bacterial proteins S3 and S4,parts; however, they are each 4–25 kDa larger than the
corresponding bacterial proteins, except for proteins S6 the composition of the mRNA entrance is predomi-
nantly protein.and S12, which are actually shorter in the mitoribosome
(Koc et al., 2000; Suzuki et al., 2001a). Bacterial proteins The mitoribosome synthesizes 13 polypeptide chains
from nine monocistronic and two dicistronic mRNAsS3, S4, S8, S13, S19, and S20 are known to be absent
in the mitoribosome. Interestingly, S4, S8, and S20 are with overlapping reading frames (Anderson et al., 1982;
Wolstenholme, 1992). The mitochondrial mRNAs (mtprimary RNA binding proteins, and S13 in the bacterial
ribosome is involved in the formation of two intersubunit mRNAs) show an almost complete lack of the 5 and 3
untranslated regions that are characteristic of bacteriabridges (bridges B1a and B1b) with the LSU (Yusupov
et al., 2001). The configurations of these two bridges (e.g., the Shine-Dalgarno sequence) and eukaryotes (the
5 cap). In the mt mRNAs, the start codon is generallyalter during EF-G-dependent translocation in the bacte-
rial ribosome (Frank and Agrawal, 2000, 2001). Appar- located within three nucleotides of the 5 end (Anderson
et al., 1982; Ojala et al., 1980). It is likely that the mitoribo-ently, the role of S13 is taken over here by mitoribo-
some-specific proteins, which form four distinct bridges some has evolved specific features to recognize its un-
usual mRNAs. The strategic location of the mRNA gate(B1a–B1d) with the CP of the LSU (Figures 2C and 2D).
However, only a small portion of the N-terminal domain suggests that this structure could be involved in the
regulation of translation initiation, perhaps by aiding inof S13 is replaced by mitoribosome-specific protein
(Figure 3D). The positions of proteins S19 and S20 and the recruitment of the mt mRNAs to the SSU.
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Structure of the Mitoribosomal Large Subunit proteins in this region of the mitoribosome (see Suzuki
Like the SSU, the 39S LSU of the mitoribosome is larger et al., 2001b). Although the 5S rRNA, which is one of
than its bacterial counterpart, and all three of the distinc- the main structural components of the CP in the bacterial
tive LSU structural features, namely the L7/L12 stalk, LSU (Ban et al., 2000), is absent in the mitoribosome,
CP, and L1 stalk, are correspondingly larger. A compari- the CP itself in the mitoribosome is almost twice as
son of the secondary structures of the 16S rRNA of the large. About 50% of the 5S rRNA mass is replaced here
mitoribosomal LSU and the 23S rRNA of the bacterial by proteins (Figure 5). Our map reveals a handlelike
LSU (Cannone et al., 2002) reveals a number of bacterial cylindrical structure on the solvent side of the LSU,
rRNA segments that are absent in the mitoribosome whose two ends connect to the CP and the main body.
(Figure 5A). Among the six recognized secondary struc- We designate this structure the LSU handle (LH in Fig-
ture domains of the bacterial 23S RNA, domain I is al- ures 1A and 5C). This protein structure is oriented such
most completely absent in the mitoribosome, a fact im- that it would, in a bacterial ribosome, lie parallel to heli-
mediately deducible from our cryo-EM map (gap or G ces 4 and 5 of the 5S rRNA (see Ban et al., 2000; Figure
in Figure 1A). A significant portion of domain III is also 5E). Possibly, the LSU handle assumes some of the roles
absent. Our map shows that most of the missing seg- of the 5S rRNA in the mitoribosome. As compared to
ments of domain I are left unfilled (Figure 5E), while the mitoribosomal SSU, a larger proportion (28%) of the
those of domain III are partially compensated by pro- missing bacterial rRNA segments in the LSU is replaced
teins (Figure 5D). by proteins (also see Supplemental Figure S1B).
Strikingly, the 23S rRNA helix 38, which in the bacterial Twenty-eight of the mitoribosome LSU proteins show
ribosome forms one of the RNA-protein intersubunit sequence homology to their bacterial counterparts. With
bridges (bridge B1a) with the SSU and which also makes the exception of proteins L2 and L4, these homologs
important contacts with both A and P site tRNAs (Yusu- are significantly larger than their bacterial counterparts
pov et al., 2001), is truncated in the mitoribosome. That
(Koc et al., 2001b; Suzuki et al., 2001b). The mitoribo-
bacterial RNA-protein bridge is replaced by a protein-
some LSU possesses 20 additional proteins that are
protein bridge in the analogous region of the mitoribo-
each 12–60 kDa in size. Most of the peripheral regionssome. Other LSU rRNA helices that are absent or shorter
of the LSU are porous and are built up of mitoribosome-in the mitoribosome yet are known to be involved in
specific proteins, including extensions to the homologthe formation of intersubunit bridges in the bacterial
proteins (Figure 5C). The bulk of the additional proteinribosome include helices 34 (bridge B4), 62 (bridges B5
mass is found at the CP, on the solvent side, and in theand B6), and 68 (bridge B7a). Despite the truncations
lower-body regions near domains III and VI of the LSUof these rRNA helices, the overall structural organization
rRNA (Ban et al., 2000). Bacterial proteins L5, L6, L25,of bridges B5 and B7a appears to be preserved in the
L26, L29, and L31 are absent in the mitoribosome. Ofmitoribosome. While the configuration of bridge B4 (here
these, a major portion of protein L5, which is known todesignated as B2e) has changed significantly in the mi-
interact with the 5S rRNA in the CP and which forms B1toribosome, bridge B6 is absent altogether here.
group bridges with the SSU, and protein L29, which isRibosomal RNA helices 77 and 78 (domain V), which
one of the proteins that encircles the polypeptide exitform the major portion of the L1 stalk in the bacterial
tunnel in the bacterial ribosome (Nissen et al., 2000),ribosome (Yusupov et al., 2001, Harms et al., 2001), are
are structurally compensated by mitoribosome-specificabsent in the mitoribosome. Structurally, they are almost
proteins. While the position of protein L6 is only partiallycompletely replaced by proteins (Figures 2B, 2D, 5D,
compensated, the positions of L25 and L31 are left al-and 5E), suggesting that the function of rRNA is entirely
taken over by the much larger L1 homolog and other most completely unfilled.
Figure 5. Structural Analysis of the LSU of the Mitoribosome
(A) Secondary structure diagram of the bovine mitochondrial 16S rRNA (purple) superimposed on that of the bacterial 23S rRNA. RNA regions
absent in the mitoribosome thus appear black. Roman numerals identify the six domains of the rRNA, and helices are identified by the adjacent
numbers. Four parallel purple lines in the domain I region indicate a small segment of rRNA for which no secondary structure information
is available.
(B) Stereo representation of the fitting of conserved domains (ribbons) into the cryo-EM map of the mitoribosome LSU shown from its interface
side. rRNA components were taken from the crystallographic structures of the Deinococcus radiodurans (Harms et al., 2001; PDB ID 1KC9)
and Haloarcula marismortui (Ban et al., 2000; PDB ID 1FFK) 50S LSUs, and structures of homologous proteins were taken from the crystallo-
graphic maps of the D. radiodurans and T. thermophilus (Yusupov et al., 2001; PDB ID 1G1Y) 50S LSUs. The conserved structural components
(pinkish purple, rRNA; green, homologous proteins) are shown as translucent surfaces, while the mitoribosome-specific proteins are shown
as solid blue surfaces.
(C) Stereo representation of the fitting, as in (B), but shown from the solvent side, i.e., rotated relative to (B) by 180 around a vertical axis.
(D and E) Superposition of the nonconserved domains from the crystallographic structure of the bacterial LSUs (black ribbons, rRNA; gray
ribbons, proteins) onto the LSU map (solid surfaces) shown in views similar to those in (B) and (C). The uncompensated portion of the 5S
rRNA can also be seen (colored gold) in (E). Small patches colored in yellow, dark blue (only minutely visible on CP, behind LH in [E]), and
maroon (only minutely visible on CP in [D]) correspond to protein masses that compensate, respectively, for missing segments of bacterial
23S rRNA, 5S rRNA, and proteins. Thus, the blue in (D) and (E) represents the protein masses that do not compensate for any missing bacterial
ribosomal components. Unlike the SSU, a significant number of compensated masses are embedded in the core of the LSU structure (not
visible here, but see Supplemental Figure S1B). Landmarks: numbers prefixed “L” identify the LSU proteins; numbers prefixed “H” identify
the LSU rRNA helices; D I, missing segments of domain I helices; D III, missing segments of domain III helices. All other landmarks are as in
Figures 1 and 2.
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Figure 6. Stereo Representations of the Topographies of the Two Putative Sites of Polypeptide Exit in the LSU of the Mitoribosome
(A) The polypeptide exit site (PES) of the polypeptide exit tunnel, as seen from the bottom of the LSU.
(B) The LSU is shown from the L1 protein side to reveal a large opening (PAS) in the tunnel before the PES. The orientations of the 55S
mitoribosome, with the area boxed in red enlarged for the stereo depiction, are shown in the corresponding panels to the left. A model of an
-helical polypeptide chain (dark blue) is used to delineate the polypeptide exit tunnel (also see Figure 7A). Landmarks: PAS, polypeptide-
accessible site; ETL, exit tunnel lid; L29r, a mitoribosome-specific protein that replaces the bacterial protein L29. Segments of LSU proteins
(green) present in the immediate vicinity are identified. All other landmarks are as in previous figures.
The Polypeptide Exit Tunnel mains I and III of the bacterial 23S rRNA are absent in
the mitoribosome. These are the components of theNewly synthesized nascent polypeptide chains emerge
from the ribosome through a tunnel-like feature, the polypeptide exit tunnel in the bacterial ribosome (Nissen
et al., 2000). The other LSU proteins, L22, L23, and L24,polypeptide exit tunnel. This tunnel connects the pepti-
dyl-transferase center, the site of peptide bond forma- which together with L29 surround the exit site of the
tunnel in the bacterial ribosome, are represented bytion, to the exterior of the ribosome, where nascent
chains emerge through the polypeptide exit site (Figures much larger homologs in the mitoribosome (Koc et al.,
2001b; Suzuki et al., 2001b). However, because of the6 and 7A). The structural organization of the exit tunnel
in cytoplasmic ribosomes has been studied by both absence of 23S rRNA domains I and III, domains which
together form the inner lining of most of the solvent sidecryo-EM (Frank et al., 1995; Beckmann et al., 2001; Ga-
bashvili et al., 2001) and X-ray crystallography (Nissen of the tunnel in the bacterial ribosome, the structure of
the lower two-thirds of the tunnel in the mitoribosomeet al., 2000). However, the tunnel revealed in our cryo-
EM map of the mitoribosome is distinctly different in is drastically different and is composed mainly of mitori-
bosome-specific proteins (Figure 7A). Since the majoritystructure from the tunnels in the cytoplasmic ribosomes.
In the mitoribosome, the tunnel has a wide opening well of the rRNA domain I (Figure 5E) and a significant portion
of domain III (Figure 5D) are not replaced by proteins,before the conventional polypeptide exit site (PES in
Figures 6 and 7A). This site of premature exposure is a wide opening is created (PAS in Figure 6B), and the
overall structure of the tunnel is more open to the sol-located about 63 A˚ from the peptidyl-transferase center
and allows free access to the solvent. Therefore, we vent. Furthermore, the conventional polypeptide exit site
is surrounded by mitoribosome-specific proteins and isdesignate this opening as the polypeptide-accessible
site (PAS in Figures 6B and 7A; also see Supplemental partially covered by a lidlike structure (exit tunnel lid
[ETL] in Figure 6), which appears to be formed by aMovie S1). Possibly, some of the nascent chains that
are being synthesized on the mitoribosome emerge from protrusion of a large protein that replaces the bacterial
protein L29 in the mitoribosome.the ribosome through this accessible site rather than
being routed all the way through to the conventional In contrast to the variety of possible destinations for
the polypeptides synthesized by cytoplasmic ribo-exit site, 88 A˚ from the peptidyl-transferase center.
Thus, two pathways may exist by which nascent chains somes, all of the polypeptides synthesized by mitoribo-
somes are inserted into the inner mitochondrial mem-can emerge from the mitoribosome, perhaps allowing
alternative interactions with different classes of chaper- brane. Although it is not yet clear whether polypeptides
are inserted cotranslationally into the membrane, cur-ones involved in the assembly of the large oligomeric
complexes of which they are components. rent evidence indicates this is most likely the case (see
Stuart, 2002). The Oxa1 family of proteins, which areAs noted earlier, protein L29 and the majority of do-
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and could assist in the formation of loops after succes-
sive insertions of the transmembrane domains.
Interactions of the P Site Bound Mitochondrial
tRNA with the Mitoribosomal Proteins
Strikingly, the mitoribosome purifies with a tRNA bound
to the P site (Figure 1A). The mitoribosome LSU pos-
sesses a unique finger-like structure, the P site finger
(PSF in Figures 1A, 2A, 2D, 5B, and 7), a protein that
extends from the CP and that interacts with the P site
bound mt tRNA. This interaction involves the T loop side
(TLS in Figure 7B) of the mt tRNA, which is a well-defined
structure in our map. Docking of the crystallographic
structure of a cytoplasmic tRNA (Basavappa and Sigler,
1991) into the cryo-EM map produces a very good over-
all fit (not shown), except in the elbow region involving
the anticodon-arm side. Our map apparently shows an
averaged structure for the mammalian mt tRNAs, some
of which are known to have unusually small T loops
(e.g., Hanada et al., 2001; Ohtsuki et al., 2002). Possibly,
the P site finger complements the smaller T loops in the
mt tRNAs. The lower CCA arm of the mt tRNA interacts
with another protein (asterisk in Figure 7). It is likely that
these interactions stabilize the binding of the mt tRNA
in the P site and that they are involved in regulating
the movement of tRNAs (Agrawal et al., 2000) on the
mitoribosome. Such an additional stabilization of the mt
tRNA by mitoribosomal proteins could be one of the
reasons why the purification of the mitoribosome re-
sulted in the copurification of a strongly bound tRNA atFigure 7. Topology of the Polypeptide Exit Tunnel and Interactions
the P site. Our finding of a strongly bound P site tRNAof the mt tRNA (red) with the LSU of the Mitoribosome
is in contrast to the characteristic state of the bacterial(A) Cut-away view of the LSU. A portion of the LSU structure has
ribosome, which purifies with a strongly bound tRNA atbeen computationally removed (white surfaces correspond to the
cutting plane) from the side toward the viewer to reveal the tunnel the E site (Remme et al., 1989; Agrawal et al., 2000; Cate
topology. An -helical polypeptide chain (dark blue) has been et al., 1999). Interestingly, many rRNA residues involved
docked into the tunnel and filtered to the resolution of the cryo- in the binding of tRNA at the bacterial E site (Yusupov
EM map. et al., 2001) (for example, helices 11 and 68 and a portion
(B) The LSU is shown from the interface side in a view similar to
of the loop between helices 76 and 77) are absent inthat in Figure 5B. The mt tRNA interacts with two mitoribosome-
the LSU of the mitoribosome (Figure 5A). The strongspecific proteins, one identified as the P site finger (PSF) and one
denoted with an asterisk (*). The orientations of the 55S mitoribo- binding of the P site tRNA suggests that the E site is
some are shown in the corresponding panels as thumbnails to the very weak or even nonexistent in the mitoribosome, as
left. Landmarks: PTC, peptidyl-transferase center; aa, acceptor arm was implied in a recent phylogenetic study (Mears et
of the mt tRNA; ac, anticodon end of the mt tRNA; TLS, T loop side al., 2002).
of the mt tRNA. All remaining landmarks are as in previous figures.
Conclusions
The study presented here describes the first structure, tomembers of the conserved YidC/Alb3 protein family
(known to facilitate the insertion of polypeptide chains our knowledge, determined for an organellar ribosome.
Through molecular analysis of the cryo-EM map, weinto membranes), have been localized to the inner mem-
brane of yeast mitochondria (Stuart, 2002). Recent stud- have answered the long-standing question of whether
the truncated regions of the rRNA are compensated byies have suggested that proteins of the Oxa1 family
interact with the nascent chain while it is still being the presence of additional and enlarged proteins in the
mitoribosome. In contrast to what has been generallysynthesized on the mitoribosome (Hell et al., 2001). Inter-
estingly, the N-terminal domains of the some of the believed, our study provides direct evidence that the
enlarged and additional proteins present in the mitoribo-mitochondrially synthesized polypeptides, whose inser-
tion is facilitated by proteins of the Oxa1 family, remain some do not necessarily compensate for the majority
of the missing rRNA segments. Instead, many of themin the matrix of the mitochondrion. We speculate that
the N-terminal domains of the nascent chains are held occupy new quaternary positions in both subunits of
the mitoribosome. Furthermore, we have derived theby proteins of the Oxa1 family by their interaction with
the mitoribosome at the polypeptide-accessible site, positions and shapes of the masses corresponding to
the mitoribosome-specific proteins, together with thewhile the rest of the polypeptide is cotranslationally in-
serted into the membrane through the conventional exit extensions to the proteins that are bacterial homologs.
The next challenge will be to assign these masses tosite. To this end, the lid-like structure at the exit site
could help to regulate the release of the nascent chain particular proteins. A combination of immuno-EM and
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estimated using the Fourier shell correlation with a cutoff value ofhomology-modeling studies, making use of the cryo-EM
0.5 (see Gabashvili et al., 2000), was 13.5 A˚ (or 9.1 A˚ by the 3map, could be utilized to identify all of the mitoribosome-
criterion [Orlova et al., 1997]). The falloff of the Fourier amplitudesspecific proteins and to generate a near-atomic resolu-
toward higher spatial frequencies was corrected as described pre-
tion model of the mitoribosome. While our analysis gives viously (Gabashvili et al., 2000), using the X-ray solution scattering
no indication of the presence of any proteins either in the intensity distribution of the E. coli 70S ribosome. RNA and protein
components of the 55S mitoribosome map were computationallydecoding site of the SSU or in the peptidyl-transferase
separated using a method (Spahn et al., 2000) based on differencescenter of the LSU, the limited resolution prevents us
in the density distribution of the two moieties, taking into accountfrom ruling out the possibility that a strand of polypep-
the molecular masses and contiguity constraints. Visualization andtide chain reaches closer to these functional centers in
interpretation of the map and docking of crystallographic structures
the mitoribosome. Distinct topological differences in the were performed using SPIDER, IRIS Explorer (Numerical Algorithms
mRNA entry and polypeptide exit sites, as compared to group, Inc., Downers Grove, IL), O (Jones et al., 1991), and Ribbons
(Carson, 1991).the corresponding regions in cytoplasmic ribosomes,
suggest mechanistic divergence of protein synthesis
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